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The recent detection of a neutron star binary through gravitational waves, GW170817, has offered
another source of information about the properties of cold supranuclear matter. Information from the signal
emitted before the neutron stars merged has been used to study the equation of state of these bodies,
however, any complementary information included in the signal emitted after the merger has been lost in
the detector noise. In this paper we investigate the prospects of studying GW170817-like post-merger
signals with future gravitational-wave detectors. We first compute the expected properties of the possible
GW170817 post-merger signal using information from pre-merger analyses. We then quantify the required
improvement in detector sensitivity in order to extract key features of the post-merger signal. We find that if
we observe a signal of similar strength to GW170817 when the aLIGO detectors have been improved by
∼2–3 times over their design sensitivity in the kHz regime, we will be able to extract the dominant
frequency component of the post-merger. With further improvements and next-generation detectors we will
also be able to extract subdominant frequencies. We conclude that post-merger signals could be brought
within our reach in the coming years given planned detector upgrades, such as Aþ, Voyager, and the next-
generation detectors.
DOI: 10.1103/PhysRevD.99.044014
I. INTRODUCTION
To this day several compact binary mergers have been
detected with gravitational waves (GWs) [1–6] by the
LIGO [7] and Virgo [8] detectors, with one being consistent
with having been emitted from a neutron star binary (BNS),
GW170817 [5]. The coalescing NSs in events such as
GW170817 are natural laboratories with which to study the
physics of cold nuclear matter at densities several times
above the nuclear saturation density [9–11], conditions that
are challenging to access with terrestrial experiments.
NS coalescences are characterized by two distinct
phases: the premerger and the post-merger. During the
premerger phase, the two NSs orbit each other, radiating
away orbital energy [12]. The frequency of the resulting
GW signal increases over time reaching approximately a
few kHz when the bodies merge. The post-merger phase is
characterized by a highly deformed post-merger remnant.
Depending on its properties, the remnant might collapse
directly into a black hole, survive for some time emitting
a content-rich signal featuring a number of frequency
components, or even survive indefinitely, see [13,14] for
reviews.
Both the late premerger and the post-merger signal carry
information about the properties of NS matter, usually
parametrized through the equation of state (EoS), a relation
between the NS interior pressure, density, and temperature.
Tidal interactions between the two NSs cause the late
premerger phase to accelerate compared to point-particle
dynamics [15,16] and can be used to place constraints on the
EoS [17–26]. Moreover, the frequency content of the post-
merger signal depends sensitively on the structure -and
hence the EoS- of the stellar remnant and offers information
that is complementary to the premerger [27–50].
Indeed, premerger data from GW170817 have been used
to measure the tidal parameters and radii of the coalescing
NSs [5,51–64], and to place constraints on their EoS,
yielding results in agreement with terrestrial experiments
[65]. However, the post-merger emission of GW170817
remained undetected [5,63,66]. Even though GW170817
was the loudest GW event observed to date [5], its
post-merger emission remained buried in detector noise
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resulting in our inability to determine if the merger remnant
collapsed promptly to a black hole and obscuring possible
further information about the EoS.
The properties of the post-merger remnant, including its
EoS, are encoded in the post-merger signal through its
frequency content, see e.g., Fig. 1 of [44]. In particular, the
dominant frequency component of the signal, appearing as
a pronounced peak in the GW spectrum at a frequency
fpeak, carries information about the stellar structure of the
remnant [36].
A number of studies using numerical simulations of
merging NSs have found empirical relations between various
peaks in the post-merger spectrum and stellar properties,
such as the NS radius [36,41,42,44,67,68] and tidal deform-
ability [43], which are uniquely linked to the EoS.
From a data analysis perspective, though, the post-
merger signal is particularly challenging to detect and
analyze. Uncertainty in and sparsity of numerical simu-
lations mean that fully analytic, physically parametrized
waveform templates which are consistent with the pre-
merger signal are currently unavailable, reducing the
feasibility of matched-filtering. Generic analyses that target
signals of unknown morphology might be less efficient
than matched-filtering, but they have been shown to be able
to extract the main features of post-merger signals, such as
its main frequency components [67,69,70]. In particular,
Ref. [70] showed that the morphology-independent algo-
rithm BayesWave [71,72] can provide a measurement of
fpeak to within a few dozens of Hz and the radius to a few
hundred meters for signals of an SNR ∼ 5 with no prior
knowledge of the signal properties.
Despite the non detection of a GW post-merger signal
from GW170817, Ref. [63] used BayesWave to place
upper bounds on the energy emitted by the merger remnant
[70]. It was estimated that improvements of ∼3–15 in
amplitude sensitivity are required before analyses can
extract information from the post-merger signal of a
GW170817-like event. The desired improvements can
be achieved in two ways: by improving the detectors’
sensitivity and by improving the efficiency of our data
analysis tools.
In this paper we focus on the former. The network of
advanced GW detectors is expected to expand in number
and improve in sensitivity over the next years. As an
outcome, dozens of BNSs such as GW170817 will be
detected per year once the detectors reach their design
sensitivity [73]. Moreover, third generation detectors are at
the planning stages [74–77]. With these expected advances
in mind, we calculate the improvement compared to the
aLIGO [7] design sensitivity required in order to extract
features of the post-merger frequency spectrum of a
GW170817-like event. We find that improvements of
∼2–3 times the currently planned design sensitivity are
necessary to measure the dominant frequency component
of the signal. This corresponds to a strain sensitivities
around 3 × 10−24
ffiffiffiffiffiffiffiffiffiffiffi
1=Hz
p
at 2000 Hz. Such improvements
are achievable with planned upgrades to existing facilities
[76,78]. Moreover, an improvement of ∼4–5 times the
aLIGO design sensitivity is required in order to observe
sub-dominant features of post-merger signal.
This paper is structured as follows. In Sec. II we discuss
the results of the premerger analysis on GW170817 and
how they can be used to infer the post-merger properties of
the signal. In Sec. III we describe the details of our analysis,
while in Sec. IV we present our results. We conclude
in Sec. V.
II. CONSTRAINTS FROM PREMERGER
Observations of the premerger signal from GW170817
can be used to inform our expectation for the properties of
the undetected post-merger signal and select appropriate
simulations to study the performance of a variety of
detector sensitivities. In this section we describe the
premerger information we use and what it implies for
the potential post-merger signal from GW170817.
A. Premerger analysis
In the premerger phase, the GW signal emitted from
the merger of two NSs differs from that of coalescing
black holes due the effects of matter. Specifically, the tidal
field of each star induces a quadrupole moment in its
companion. The dimensionless tidal deformability param-
eter Λ is proportional to the ratio of the induced quadrupole
moment to the tidal field and it quantifies how easily a star
is deformed and impacts the GW phase evolution [15,79].
Reference [64] used two methods to measure the tidal
parameter and the radius of each NS in GW170817. The
first makes use of an EoS-insensitive relation between the
tidal parameters of the two stars given the ratio of their
masses [25,80]. The second utilized an efficient spectral
parametrization of the EoS itself in order to model the
stellar structure directly [21,26,81]. Both analyses yield
consistent results when applied on the GW data, yielding a
measurement of the NS radius to within ∼3.6 km at the
90% level [64]. Moreover, the second analysis has the
flexibility of imposing that the EoS supports masses of at
least 1.97 M⊙, motivated by pulsar observations [82].
We use the publicly available posterior samples1 pro-
duced in the analysis of [64] to estimate the expected
properties of the post-merger signal for GW170817. In
particular, we use four sets of posterior samples:
(1) masses, radii, and tidal parameters from the “EoS-
insensitive” analysis,
(2) masses, radii, and tidal parameters from the “para-
metrized EoS” analysis without a maximum mass
constraint,
1https://dcc.ligo.org/LIGO-P1800115/public
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(3) masses, radii, and tidal parameters from the para-
metrized EoS analysis with a maximum mass con-
straint, and
(4) EoS pressure–rest-mass density posterior from the
parametrized EoS analysis with a maximum mass
constraint.
B. Expected post-merger properties
We use the posterior samples for the masses, radii and
tidal parameters to estimate the expected fpeak for the
GW170817 post-merger signal. We use three such
EoS-insensitive relations:
(1) A relation between fpeak and R1.6, the radius of a
1.6 M⊙ NS [68],
(2) A relation between fpeak and the tidal parameter κT2
which characterizes the binary tidal interactions
during the late-inspiral [43],
(3) A relation between fpeak and fc, the contact fre-
quency [46],
where
κT2 ≡ 3

q4
ð1þ qÞ5 Λ1 þ
q
ð1þ qÞ5 Λ2

; ð1Þ
fc ≡ 1πM

R1 þ R2
M

−3=2
: ð2Þ
In the above equations mi, Ri, Λi are the mass, radius and
dimensionless tidal deformability for each binary compo-
nent i ∈ f1; 2g respectively, q≡m2=m1 < 1 is the mass
ratio of the binary, M≡m1 þm2 is its total mass, and we
use units where G ¼ c ¼ 1.
We use the above relations to derive posterior samples
for fpeak, given samples from the mass, radii, and Λ
posteriors which were obtained from studying the pre-
merger phase of GW170817. Figure 1 shows the inferred
posterior for fpeak. The top panel uses the first 3 sets of
posterior samples from Sec. II and the fpeak − κT2 EoS-
insensitive relation described above. The bottom panel uses
the results from the parametrized EoS analysis with a
maximum mass requirement and computes fpeak with the
three EoS-insensitive relations described above. For the
first relation, fpeak − R1.6, we use the radius of the heaviest
of the coalescing stars, rather than the radius of a 1.6 M⊙
star. Given the large statistical uncertainty in the radius
measurement from the premerger phase, we expect the
error in the radius from this mass approximation to be
negligible. Moreover, we neglect systematic uncertainties
in the three EoS-insensitive relations, since they are
expected to be smaller than the statistical errors from the
premerger observations of GW170817.
We find that fpeak is expected to be approximately in
[2.5,4] kHz. The results of [64] disfavor large NS radii and
stiff EoSs, which translates to a more compact post-merger
remnant that emits GWs at relatively higher frequencies.
Unsurprisingly, we obtain the tightest fpeak measurement
from the posterior samples obtained after imposing that the
EoS supports a maximum mass of at least 1.97 M⊙.
Additionally, the requirement that the EoS supports such
a large maximum mass results in a stiffer EoS at high
densities, translating to slightly larger radii and lower fpeak
values. We verify that the two analyses that do not impose a
maximum mass on the EoS lead to consistent results, as
was originally noted in [64].
Finally, we find that the three EoS-insensitive relations
under study give broadly consistent results (bottom panel),
though the fpeak − κT2 relation with lead to a tighter fpeak
estimate than the relations with fpeakðRÞ. The largest
disagreement between the EoS-insensitive relations hap-
pens at large values of fpeak, or smaller radii and soft EoSs.
The fpeakðRÞ relations become steeper at higher frequencies
and thus larger deviations in fpeak are to be expected.
Another possible reason is that the radius posterior for
FIG. 1. Probability density for fpeak, inferred from the pre-
merger data from GW170817. The top panel uses the first three
samples sets from [64] described in Sec. II and the fpeak − κT2
EoS-insensitive relation. The bottom panel uses the parametrized
EoS analysis with a maximum mass samples from [64] (third set
in Sec. II) and three EoS-insensitive relations. The bimodal
structure of the posterior distributions is an outcome of the
bimodality of the radius and tidal parameter posterior already
observed in [64].
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GW170817 includes values that are outside the calibration
region of these relations. Therefore it is not surprising that
they disagree in that region. Note that none of these relations
informs about the occurrence of a prompt collapse of the
remnant and thus they also predict fpeak values for systems
where no strong post-merger GW emission is expected.
Figure 2 shows the posteriors on the frequency at the
latter stages of the GW170817 coalescence inferred from
pre-merger data. We show the posterior for the contact
frequency fc, the merger frequency fm, and the dominant
post-merger frequency fpeak. The first is a Newtonian
estimate of the GW frequency at which the two NSs
touch,2 the second is the GW frequency when the GW
signal reaches its maximum amplitude, while the third
describes a property of the post-merger remnant. For this
plot we use the parametrized EoS posteriors with a
maximum mass constraint. To compute fpeak we use the
fpeak − κT2 relation, while to compute fm we use the EoS-
insensitive relation between the merger frequency and κT2
proposed in [86] and updated in [87]. Our results suggest
that an analysis of the post-merger signal starting at
1024 Hz [63,70] would include the very late inspiral,
the merger, as well as the post-merger stages of the signal.
C. Simulated post-merger signals
The analysis of the premerger data from GW170817
yielded a posterior for the pressure as a function of the rest-
mass density [64]. We use this posterior to construct 8 EoS
models that are consistent with the GW170817 data. These
EoS models are then used to generate BNS simulations
from which we extract the expected GW emission and
probe the efficacy of potential future GW detector instru-
mentation. Our EoS models are given by combining the
various published pressure credible levels for different
values of the density, expressed as a multiple of ρnuc ¼
2.8 × 1014 g cm−3:
(i) EoS1: 5th percentile of the pressure posterior for all
densities,
(ii) EoS2: 25th percentile of the pressure posterior for all
densities,
(iii) EoS3: 75th percentile of the pressure posterior for all
densities,
(iv) EoS4: 95th percentile of the pressure posterior for all
densities,
(v) EoS5: midpoint in the logarithm of the pressure of
the 25th and the 50th percentiles of the pressure
posterior for all densities,
(vi) EoS6: 25th percentile of the pressure posterior until
2ρnuc, 75th percentile above 4ρnuc, and a linear-in-
logP transition in-between,
(vii) EoS7: 75th percentile of the pressure posterior until
4ρnuc, 25th percentile above 8ρnuc, and a linear-in-
logP transition in-between,
(viii) EoS8: 5th percentile of the pressure posterior until
4ρnuc, 75th percentile above 8ρnuc, and a linear-in-
logP transition in-between,
FIG. 2. Probability density for the contact frequency, the
merger frequency, and the dominant post-merger frequency of
GW170817, computed from the premerger results of [64].
FIG. 3. Pressure–rest-mass density (top panel) and mass-radius
(bottom panel) for the 8 EoS models that we study. In the top
panel we include for illustration purposes the pressure–rest-mass
posterior (50% and 90% credible intervals) computed in [64]. The
dashed vertical lines denote the transition points for EoS6, EoS7,
and EoS8. The horizontal lines in the bottom panel denote the NS
masses in our simulations.
2For a discussion on its definition and meaning within the
context of relativistic systems see [83–85].
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Note that none of these is formally a sample in the EoS
posterior. They are, however, indicative of the allowed
pressure range for the EoS of GW170817. In particular,
EoS1 does not support a 1.97 M⊙ star, however we choose
to use it here as an example of the soft end of the EoSs
allowed. Figure 3 shows the pressure–rest-mass density
(top panel) and mass-radius (bottom panel) relation for
each EoS.
The resulting merger simulations are conducted with
relativistic smooth particle hydrodynamics code [88–90],
which has been used before for EoS surveys [44,91,92].
The implementation adopts the conformal flatness con-
dition to solve the Einstein field equations [93,94]. Since
the EoSs of our sample do not provide the temperature
dependence of the pressure and the energy density, we
employ a common approximate treatment of thermal
effects, which allows us to simulate BNS mergers based
on barotropic EoSs. Within this scheme one has to specify a
coefficient Γth, which determines the strength of the
thermal pressure. We choose Γth ¼ 1.75 because this
choice simulates fairly well the behavior of available
temperature-dependent microphysical EoS models [90].
We assume initially nonspinning NSs on circular orbits
and simulate the inspiral through the last few orbits. For
each EoS we simulated two sets of binaries with the same
chirp mass M ¼ 1.186 M⊙ and different values of the
mass ratio q ¼ f1; 0.8g, corresponding to component
masses m1 ¼ m2 ¼ 1.362 M⊙ and m2 ¼ 1.22 M⊙, m1 ¼
1.525 M⊙ respectively. These configurations were chosen
to be consistent with GW170817 [63].
Of the total of 16 simulated mergers, 5 resulted in the
merger remnant collapsing to a BH immediately (EoS1 and
EoS8 for both mass ratios, and EoS2 for q ¼ 0.8). In Fig. 4
we characterize the dominant post-merger frequency of the
simulations that resulted in an NS remnant. We show
the dominant post-merger frequency fpeak as a function of
the radius of a nonrotating 1.6 M⊙ star for each EoS. We
also plot the fpeak − R1.6 fit obtained in [70], confirming
that our simulations follow the empirical (EoS-insensitive)
relation. Regarding subdominant peaks in the spectrum,
we note that they can be generated by different physical
mechanisms and that the strength of these different
peaks can vary with the binary masses and the EoS
[33,41,42,44,48,67,68,95] (see [44,68] for a unified picture
of the postmerger dynamics and GW emission). In what
follows and for the purposes on this study we do not
distinguish between the different origin of subdominant
features and define fsub as the frequency of the second
highest peak with a frequency at least 400 Hz below fpeak.
III. ANALYSIS SETUP
The 16 simulated mergers described in Sec. II C are used
to simulate the signal waveforms observed by a network of
GW detectors [96], assuming the known sky location of the
GW170817 host galaxy and a distance of 40 Mpc [63]. In
this section we describe the set up of our analysis of these
waveforms, namely the detector configurations we assume
and the morphology-independent reconstruction algorithm
BayesWave.
A. Detector configurations
The simulated signals are projected onto networks of
second- and third- generation detectors and analyzed with
the noise-weighting appropriate for each instrument. We
note that these signal injections do not contain a specific
noise-realization: such analysis of noise-free injections
has previously been shown to be equivalent to averaging
over many noise realizations [97]. Second generation
ground-based detectors are observational facilities cur-
rently operational or under construction. Two LIGO detec-
tors in Hanford (H) and Livingston (L) and VIRGO (V) are
operational, while KAGRA [98] and LIGO-India [99]
are under construction. These detectors are expected to
reach their design sensitivity in the coming years and
keep improving towards Aþ and Voyager. Eventually
the second-generation detectors will be replaced by
third-generation ground-based detectors, such as Cosmic
Explorer and the Einstein Telescope.
Given the scheduled gradual upgrades and expansion of
the network in the coming years, we study networks that are
incrementally improved compared to design sensitivity
[100]. In particular we assume a network of three detectors:
H, L, V. We keep V at its design sensitivity3 and incre-
mentally increase the sensitivity of H and L by dividing it
by a number Y; we denote this network as YxDS. Once
FIG. 4. Main frequency content of the simulated signals. We
show fpeak as a function of the radius of a nonrotating 1.6 M⊙ star
for each EoS with points. The grey band shows the 90% credible
interval of the expected EoS-insensitive relation between fpeak
and R1.6 as computed in [70].
3We choose to inject our signals in the known sky location of
GW170817. Since this location at that GPS timewas very close to
a blind spot for V [5], we do not expect V to contribute
significantly to the numbers presented here, even if we chose
to increase its sensitivity.
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Y ≥ 7 we assume a network with only two detectors, L and
V in order to make a smooth transition towards third-
generation detectors. We also carry out targeted runs using
the sensitivity of Cosmic Explorer. Figure 5 summarizes the
sensitivities we study.
Besides incremental improvements of the whole sensi-
tivity curve, narrow band tuning has also been proposed
[100,101]. This design is expected to give improved
sensitivity at a narrow frequency range. However, in order
to implement such a design for post-merger studies we
would need more precise knowledge of the approximate
location of fpeak than currently available. Moreover, the
narrow-band tuning may lead to diminished sensitivity
across the full spectrum, potentially including the high
frequencies of interest here. Detailed exploration of the
capabilities of such a design is the subject of ongoing
investigations.
B. Signal reconstruction with minimal assumptions
The complicated morphology of post-merger signals
makes constructing accurate templates challenging. In
order to reconstruct the injected signals we instead
use a morphology-independent approach. We employ
BayesWave [71,72], and carry out a Bayesian analysis
where the GW signal is modeled as a sum of sine-Gaussian
wavelets where both the parameters and the number of
wavelets are marginalized over. BayesWave has been
shown to accurately reconstruct a range of signal mor-
phologies [70,102,103] and to facilitate detection of
unmodeled signals [104,105].
Reference [70] applied BayesWave to post-merger
signals and showed that it can extract various features of
the signal, including the dominant frequency component
and the energy. We here carry out an analysis similar to
[70], using 250 ms of data in a frequency band of
[1024,4096] Hz. We employ the same parameter priors
as [70] and highlight that again we impose a prior on the
number of wavelets used to be at least 2. This is further
motivated by Fig. 2 which suggests that the analyzed data
contain both the merger and the post-merger phases of the
coalescence. We choose to not restrict our analysis band-
width above 2500 Hz, since we are interested in (i) also
studying the subdominant peaks of the spectrum, and
(ii) constructing a generic analysis that is applicable to
lower mass systems that are expected to have lower values
of fpeak than GW170817.
Once a posterior for the reconstructed signal has been
computed, we measure its frequency components fpeak and
fsub. The former is defined as the peak frequency of the
post-merger amplitude spectrum, while the latter is the
second highest peak with the constraint fsub < fpeak-400. If
a posterior sample for the reconstruction does not have a
peak, then a sample is drawn from the fpeak prior, as
explained in [70].
IV. RESULTS
Our 16 simulated signals include 5 systems where the
remnant collapses into a BH immediately and 11 systems
that result in a NS remnant (NSR). We analyze these signals
with BayesWave and describe here the reconstruction
properties of the post-merger signal for the various physical
outcomes of the merger.
A. Post-merger reconstruction for NS remnants
We begin by discussing the case of a NSR, which leads
to a post-merger GW signal exhibiting a characteristic
spectral peak as well as possible subdominant frequency
peaks. We first discuss EoS5 in detail, as it represents the
midpoint EoS for GW170817. We then turn to the other
EoSs that lead to a NSR remnant and determine at which
sensitivities we are likely to observe a GW170817-like
post-merger signal.
Figure 6 studies the post-merger signal reconstruction for
EoS5 and our equal-mass q ¼ 1 binary system. The signals
are injected in a three detector network including H, L, and
V where we gradually improve the sensitivity of the 2
LIGO detectors, while keeping V at its design sensitivity.
Each panel shows the 50% (dark shade) and the 90% (light
shade) credible interval of the reconstructed spectral
amplitude (top) and the fpeak and fsub (where applicable)
posterior densities (bottom). Each plot label indicates the
sensitivity multiplier (e.g., “1.0x DS” indicates this is the
aLIGO design sensitivity), the EoS (here, the fifth EoS
considered), and the overlap between the injected signal
and the inferred waveform at the 90% level.4
FIG. 5. Sensitivity curves for the detectors we include in our
networks. To illustrate the high-frequency region better, the x axis
uses by a logarithmic scale below 1000 Hz and linear above that.
Dotted lines represent the aLIGO design sensitivity improved by
various constant factors.
4The overlap between two waveforms is the noise-weighted
inner product, defined in Eq. (6) of [70] and provides an estimate
of how similar two waveforms are both in amplitude and in phase.
A high overlap (close to 1) means that the reconstructed wave-
form is similar to the injected waveform.
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The top left panel suggests that a 3 detector network at
its nominal design sensitivity is not sufficient to extract
the post-merger signal. In this case our analysis results in
upper limits for the spectral amplitude of the signal,
similar to what was done for GW170817 [63] and a low
overlap. At 1.5xDS (top middle panel) and 2.0xDS (top
right panel) we reconstruct the late-inspiral/merger phase
at frequencies ∼ð1000; 2000Þ Hz, achieving overlaps
around 80%; there is only minor evidence for signal
power at higher frequencies. Between 2.5xDS (middle
left panel) and 3.0xDS (middle panel) we start seeing
hints of a post-merger spectral peak at around 3300 Hz
and hence evidence for the presence of a NSR. As the
sensitivity increases further, the main spectral peak is
reconstructed more accurately. At 4.0xDS (bottom left
panel) the reconstructed signal starts exhibiting hints of a
subdominant peak at around 2500 Hz. Finally, at 5.0xDS
(bottom middle panel) and above, both fpeak and fsub can
be extracted with high confidence, as also reflected in the
high overlap value of about 96%.
Besides the precise measurement of fpeak and fsub, the
bottom plots in Fig. 6 shows that the inferred posterior
distributions do not peak exactly at the target values which
correspond to the peak of the injected waveform. This was
first noted in [70] in the context of fpeak and was attributed
to the fact that the post-merger peaks are not symmetric.
Something similar is observed here with fsub and we again
argue that this is caused by the shape of the subdominant
spectrum peak. Indeed, the reconstructed signal exhibits a
broad smooth subdominant peak (e.g., bottom right plot for
6.0xDS at around 2200–2500 Hz.). The injected signal, on
the other hand, exhibits a subdominant peak with more
substructure, resulting in a shift between the target and the
recovered fsub.
Overall, we find that, as expected, increasing the detector
sensitivity leads to higher quality signal reconstructions:
the credible intervals for the dominant and subdominant
peaks narrow down and the signal reconstruction includes
more subtle details of the injected waveform. BayesWave
achieves this increasingly detailed reconstruction by
FIG. 6. Reconstruction of the post-merger signal emitted during the coalescence of an equal-mass binary with EoS5 at various
network sensitivities. In each panel the top plot shows the 50% and 90% credible interval for the signal spectrum with dark and light
shaded regions respectively. The bottom plot shows the posterior density for fpeak and fsub (where applicable). The merger phase is
reconstructed at ∼1.5xDS, the main post-merger peak is extracted at ∼3xDS, while hints of a subdominant peak appear at ∼4xDS.
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utilizing a larger number of wavelets. These additional
wavelets are used for the reconstruction of the various
features of the signal including the merger, main post-
merger peak, and subdominant post-merger peaks.
Moreover, additional wavelets are needed to capture small
changes in the value of these frequency components.
Indeed, Fig. 7 shows the posterior for the number of
wavelets used in the reconstruction of selected signals
from Fig. 6.
The qualitative results obtained above for EoS5 are
representative of EoSs that lead to a NSR. A compari-
son between the different relevant EoSs studied here is
shown in Figs. 8 and 9 for equal and unequal masses
respectively. We present the reconstructed spectrum and
the fpeak posterior for EoS6, EoS5, EoS7, EoS3, and
EoS4 for signals injected in a detector network at
4.0xDS. These plots show the wide range of possible
post-merger signals possible for GW170817 assuming
that the remnant did not immediately collapse into
a BH.
Figures 8 and 9 show that even though the mass ratio
does not strongly affect the value fpeak, it affects the
general morphology of the post-merger signal. We find
that in the equal-mass case the post-merger signal is
nicely reconstructed at 4.0xDS and the posterior density
for fpeak peaks at the correct injected values. Moreover, at
this sensitivity the reconstructions show hints of the
presence of fsub, however improved sensitivities or louder
signals will most probably be needed before we can
claim the presence of subdominant structure in the
spectrum.
In the unequal-mass case, on the other hand, the
complicated signal morphology is more difficult to extract.
The main post-merger peak has a fairly large width with
traces of substructure in some cases. The complicated
spectrum leads to a degraded reconstruction, though
fpeak is still extracted at 4.0xDS, with the exception of
FIG. 7. Posterior for the number of wavelets used in the
reconstruction of selected signals from Fig. 6. As the detector
sensitivity improves, the reconstruction employs an increasing
number of wavelets. This results in a more faithful reconstruction
of the injected signal.
FIG. 8. Reconstruction of the post-merger signal and posterior density for fpeak for various EoSs consistent with GW170817 that lead
to a NSR and an equal-mass binary. The signals are injected in a network of two LIGO detectors at 4.0xDS and Virgo at is design
sensitivity. In each panel the top plot shows the 50% and 90% credible interval for the signal spectrum with dark and light shaded regions
respectively. The bottom plot shows the posterior density for fpeak.
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EoS7. In the future, the quality of the reconstruction could
be improved through appropriate priors for BayesWave.
For example, if an unequal-mass BNS is observed, the prior
on the quality factor of the wavelets BayesWave uses
could be adjusted appropriately so as to favor more wide
spectral features.
We summarize the above results in Fig. 10, which
shows the width of the 90% credible interval (CI) of the
fpeak posterior for all EoSs as a function of the network
sensitivity for equal- (top) and unequal- (bottom) mass
systems. At low sensitivity the post-merger spectrum
peak is not reconstructed, and the fpeak posterior is
almost equal to its prior, leading to a wide 90% CI of
⪆2000 Hz, as also observed in [70]. Between 2.0xDS
and 3.5xDS, depending on the EoS and the mass ratio,
the measurement of fpeak starts vastly improving, result-
ing in CIs of ∼100 Hz for the unequal masses scenarios
and generally narrower for equal masses. The relatively
fast improvement of the fpeak CI was also observed in
[70] as a function of the signal SNR.
As the sensitivity further improves, the general behav-
ior is for the measurement accuracy of fpeak to increase.
This monotonic reduction of the CI width is obvious in
the equal mass case (left panel), however the unequal
mass case (right panel) shows a more irregular pattern.
We attribute this to the substructure of the broad post-
merger peak, see Fig. 9. In particular as the sensitivity
increases, secondary peaks close to the main peak are
reconstructed, contributing to the overall uncertainty in
the estimation of fpeak. In the future we plan to explore
ways to mitigate this, including the already-mentioned
priors on the quality factors of the wavelets and fpeak
extraction procedures that take into account the possibil-
ity of substructure in the main peak.
Despite this irregular trend for some simulations, we
conclude that the dominant post-merger emission from
GW170817 would have been measurable by the 2 aLIGO
detectors, had they been operating at ∼2–3× above their
design sensitivity, as is expected in the near future.
Moreover subdominant features of the post-merger signal
can start becoming identifiable at ∼4.0xDS or better.
B. Third generation detectors
The next generation of ground-based gravitational
wave detectors is currently in the planning stage, and
includes entirely new facilities such as the 10 km
Einstein Telescope and the 40 km LIGO Cosmic
Explorer. To study their capabilities regarding post-
merger signals we simulate detector networks with even
larger sensitivity that the previous section. In particular
we use a 2-detector network of L and V, where V is again
assumed to operate at its design sensitivity and L has
incrementally increasing sensitivity to match Cosmic
Explorer.
Figure 11 shows the post-merger reconstruction for an
equal-mass binary with EoS5 injected in such networks.
As before the top part of the plot shows the spectrum,
while the bottom part shows the fpeak and fsub posterior
FIG. 9. Reconstruction of the post-merger signal and posterior density for fpeak for various EoSs consistent with GW170817 that lead
to a SNR and an unequal-mass binary. The signals are injected in a network of two LIGO detectors at 4xDS and Virgo at is design
sensitivity. In each panel the top plot shows the 50% and 90% credible interval for the signal spectrum with dark and light shaded regions
respectively. The bottom plot shows the posterior density for fpeak.
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densities. As expected, all sensitivities typical of third-
generation detectors and networks that lead up to them
will result in unambiguous identification of the post-
merger signal and excellent measurement of fpeak with an
accuracy of 10–20 Hz. Moreover, third generation detec-
tors will be able to extract subdominant features of the
signal, including, but not limited to, fsub. For example,
with CE (bottom right panel) we are able to reconstruct
substructure in the signal, such as the small peak at
around 3.2 kHz.
C. Direct collapse
Besides the cases studied above, where the merger
leads to a NSR and the signal spectrum exhibits a
characteristic peak, another possibility is the direct
gravitational collapse of the merger remnant into a BH
on a dynamical time scale. This is indeed the case for the
softest EoSs in our set, EoS1 and EoS8, for both mass
ratios. Figure 12 shows the reconstructed spectrum for
EoS1 and an equal-mass binary system for various
network sensitivities, demonstrating the lack of a post-
merger peak in the relevant frequency range.
Comparing Figs. 10 and 12 suggests that at ⪆2.0xDS
BayesWave can differentiate between the featureless
(in the relevant frequency range) post-merger signal of a
prompt-collapse event and an undetectable signal from a
NSR. In that case and despite the absence of an fpeak
measurement, the signal can still offer insight on the
EoS of NSs. In particular, if the post-merger signal is
observed and identified as inconsistent with direct
collapse, models such as EoS1 and EoS8 are ruled
out, further constraining the soft end of the pressure
posterior computed in [64] from pre-merger data. Con-
versely, if a featureless post-merger signal is observed,
we can conclude that the remnant collapsed after
merger, suggesting that only soft EoSs such as EoS1
and EoS8 are viable.
Discrimination between prompt collapse and a NSR
can be further used to study the high-density regime of
the EoS. Specifically, determining the fate of the merger
remnant can be used to estimate Mth, the threshold mass
above which the remnant collapses promptly into a BH.
This can in turn be employed to determine Mmax, the
maximum mass of non-rotating NSs, the value of which
depends on the high-density EoS [37,106]. Arguments
similar to this were employed in [52] for the case of
GW170817 already. There it was assumed that the
electromagnetic observations suggest the presence of a
NSR, leading to a lower limit on the GW170817 radius
coming from the requirement that the EoS is not too soft,
as it would have resulted in a prompt collapse. Inter-
estingly, that radius lower limit agrees with the lower
limit of [64] which is the outcome of the requirement that
the EoS supports NSs of at least 1.97 M⊙.
D. The case of EoS2
Finally, we discuss the case of EoS2. Figure 13 shows
the reconstructed spectrum and fpeak and fsub posterior
densities for this EoS and an equal-mass binary for
various network sensitivities. Since EoS2 is the softest
EoS we study that does not lead to direct collapse,
we expect it to result in a relatively high value
fpeak ∼ 3600 Hz. At the same time, the spectrum in
Fig. 13 exhibits a prominent and wide subdominant
peak at around fsub ∼ 2200 Hz.
The combination of a large fpeak value—where the
detector sensitivity is worse—and a wide fsub peak
results in the subdominant peak being reconstructed at
lower sensitivity than the dominant one. Indeed at
FIG. 10. Width of the 90% credible interval of the fpeak
posterior for different network sensitivities for equal mass
(top) and unequal mass (bottom) systems for the EoSs that result
in a NS merger remnant. At low sensitivities the posterior width is
equal to the prior width since the signal is not reconstructed. With
increasing detector sensitivity we reconstruct the dominant post-
merger spectral peak and obtain a measurement of fpeak to within
dozens of Hz. The unequal mass reconstruction and fpeak
measurement is worse than the equal mass one due to the
substructure of the spectral peaks, as shown in Fig. 9. Next
generation detectors with sensitivity above 7.0xDS will result in
further improvements in the measurement of fpeak, to within tens
of Hz for all EoSs, see Sec. IV B.
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3.5xDS (left panel) the spectrum contains fsub only. At
4.5xDS (middle panel) there is a hint of another spectral
peak of higher frequency, while at 6.5xDS (right panel)
there is clear evidence of two peaks in the spectrum.
Despite the reversal of which peak is measured first, we
note that this case would not lead to a misidentification
of the value of the dominant frequency mode for two
reasons. First, the pre-merger data already suggest that
for this system we should expect fpeak > 2500 Hz.
Second, the width of the subdominant peak is not typical
of dominant peaks which are in general more narrow.
Again, additional priors on the wavelets BayesWave
uses to reconstruct the spectrum would immediately be
able to separate the two types of spectral peaks.
FIG. 11. Reconstruction of the post-merger signal emitted during the coalescence of an equal-mass binary with EoS5 at various
network sensitivities characteristic of third-generation detectors. In each panel the top plot shows the 50% and 90% credible interval for
the signal spectrum with dark and light shaded regions respectively. The bottom plot shows the posterior density for fpeak and fsub.
FIG. 12. Reconstruction of the post-merger spectrum for a case where the remnant collapses into a BH. We show EoS1 and a binary
with equal masses injected in two different network sensitivities. The shape of the reconstructed spectrum allows us to determine
whether the remnant collapsed promptly into a BH, placing constrains on the high-density EoS.
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V. CONCLUSIONS
We studied the improvements in ground-based GW
detectors required before the post-merger signal of a BNS
coalescence can be extracted. We show that for a system
similar to the recently-detected GW170817, the post-merger
signal can be extracted once the two LIGO detectors operate
at ∼2–3 times better than their design sensitivity. This
estimate is derived under the assumption that the numerical
waveforms employed in this work approximately reflect the
true strength of the emitted signal, which could be weaker if
physical viscosity is very strong, or somewhat stronger if
numerical damping leads to a significant underestimation.
Since these upgrades are already under planning, we are
optimistic about the prospects of observing post-merger
signals and measuring their dominant frequency component
with second-generation detectors. Moreover, we show that
planned third-generation detectors will be able to extract
even more information from post-merger signals. In par-
ticular we find that subdominant features of the signal will be
measurable, enhancing the amount of EoS-related informa-
tion we can extract from the signal.
As a concluding remark, we again note that here we only
focus on improvements on the GW detectors. In antici-
pation of these upcoming improvements we also plan to
improve our analysis of these signals with BayesWave.
Possible improvements include using a different type of
basis to reconstruct the signal, such as “chirplets” [107] that
can account for a possible time-evolution of fpeak, and
additional priors that can facilitate reconstruction and
extraction of the frequency components, such as priors
on the width of the spectral peaks. Finally, this analysis
assumes that the calibration of the detectors is known to
large accuracy at high frequencies. Since this might not be
expected to be the case, we plan in the future to study the
calibration uncertainty requirements for these measure-
ments to be feasible.
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